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Abs tract 
The studies reported herein were concerned with the effects of 
external geometry on the fatigue behavior of transverse butt welded joints 
in structural steels. Included were studies of the effects of weld pro-
file, the stress concentrations produced by the weld geometry, and metal-
lurgical aspects of the welds. 
The weld profile was measured in terms of the radius at the toe 
of the weld, the flank angle, the width of the weld, and the height of 
the weld. For the ASTM A36 and A441 steels studied, the height of the 
crown of the weld and the general angle at the toe of the weld appeared 
to provide the best geometrical correlation with fatigue life -- the 
shorter lives were obtained from specimens with the highest reinforcement 
and the largest angle. Thus, the stress concentration produced by the 
radius at the toe of the weld (determined theoretically and by photo-
elastic measurement) does not, as had been expected, necessarily define 
the fatigue behavior of a butt welded joint. 
The metallurgical studies of the fracture surfaces helped to 
identify and define the points of fatigue crack initiation in the 
heat affected zone of the base metal. This aspect of the program 
demonstrated that the effects of the metallurgical notches and the 
micro-geometry resulting from the welding process are apparently super-
imposing on the overall geometrical effects and may have a greater 
effect on the determination of the sites of crack initiation than such 
external geometrical parameters as the radius or angle at the toe of 
the weld. 
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1. Introduction 
THE EFFECTS OF WELD GEOMETRY ON THE 
FATIGUE BEHAVIOR OF wELDED CONNECTIONS 
1 
This report presents a summary of a series of the investigations 
made at the University of Illinois over the past six years into the effects 
of external geometry upon the fatigue life of butt welded joints. The 
program in general has included studies of: 
i) the effects of weld profile on fatigue life 
ii) the stress concentrations caused by the weld geometry 
iii) the metallurgical aspects of welds. 
Tests on plain plate, simulated butt welds, and machined butt welds 
were carried out between 1962 and 1964. The results, published in the WUcUVLg 
JO~VLa£, (1)* show the relationships that were found to exist between the 
various geometrical parameters considered and the fatigue life. In an attempt 
to extend this work to "as-welded" specimens all the data available at the 
University on external geometry and fatigue life was next brought together 
for correlation. This data was taken from all fatigue investigations made 
by the Civil Engineering Department of the University of Illinois over a 
period of four years. These tests were, by chance, mostly of welded joints 
in high strength steels. 'A regression analysis indicated that for these 
steels external geometry had a relatively unimportant effect upon the fatigue 
life. Table 1.1 gives a summary of the types of steel tested and the stress 
ranges used. 
However, Reference (1) and some work by the British Welding 
Research Association(2) indicated that the geometric effects may be more 
important for low strength steels. For this reason, it was felt that a 
* Numbers in parentheses refer to entries in the List of References. 
2 
series of fatigue tests on butt welded joints in ASTM A36 and A44l steel 
should be run to provide more. data. This report discusses the tests con-
ducted, the procedures used, and the results of tests on these latter steels. 
Running concurrently with these tests, and using the same specimens, 
a microscopic examination of fatigue effects was carried out, prompted by 
another British Welding Research Association Paper(3) which focussed 
attention upon the metallurgical qualities of the toe of the weld. The re-
sults of this metallurgical examination are also reported. 
In an attempt to verify theoretical calculations on the stress 
concentrations caused by weld reinforcement a series of photoelastic studies 
was carried out. These are reported in Appendix A of this report. 
3 
2. Scope of Study 
This study is des~g~ed to evaluate two effects of the weld re-
inforcement geometry upon the fatigue life of welded connections. The one 
is to find the effects of geometry upon fatigue life for a series of speci-
ments tested at a given stress ratio and to a given maximum stress. This 
is the approach prompted by Reference (1). The other is to find the vari-
ation of the fatigue behavior of butt welded joints with changes of weld 
geometry, for a given stress ratio. These two aims were fulfilled by run-
ning a series of tests with a high maximum stress and a second series with 
a lower maximum stress. 
In order to ensure a good range in external geometric parameters 
the welding process was controlled to give either a high crown to the rein-
forcement or a low crown. Since the study is mainly concerned with the 
geometric effects upon fatigue life as many as possible of the other variables 
relating to fatigue life were held constant. Thus it was decided to conduct 
the tests at a given stress ratio. The zero to tension ratio was chosen as 
a great deal of work is already existent under this condition and it would 
facilitate comparison of the results with this existing data. 
Since the geometrical effects were expected to be most pronounced 
in low strength steels and since there was a lack of data for these materials, 
the steels used were ASTM A36 and A44l. (The materials used and fabrication 
procedures are detailed in Appendix B.) A similar series of tests was run 
for each type of steel. Four welds with high crown reinforcement and four 
with low crown were tested at two stress ranges for each steel. 
Fatigue is subject to a very large number of variables many of 
which are uncontrollable. For example, each weld is unique in its internal 
and external geometry. This results in a great deal of scatter in the re-
sults of even the most carefully controlled series of tests. As a 
4 
consequence, the data obtained from tests should be treated statistically 
as samples from a population of some range. 
A compromise must be found between the number of tests required 
to give a statistically meaningful sample and the limitations imposed by 
the time and money required by such tests. 
Groups of at least four enable statistical estimation of signifi-
cant differences between the groups. Also,with four samples tested at a 
given stress range and ratio, confidence limits on the scatter of data can 
be obtained. (4) There were neither time nor funds available that could 
justifiably be used to test a larger sample. 
Thus, thirty-two fatigue tests were conducted altogether, sixteen 
in A36 and sixteen in A441 steel. For each steel four "low crown" and four 
"high crown" specimens were tested at a stress range of 2 ksi to 35 ksi, 
and a similar set of four low crown and four high crown were tested at a 
stress range of 2 ksi to 27 ksi. 
The lower stress of 2 ksi instead of zero was used to prevent any 
slack in the fatigue machines from affecting the results. It will also be 
noticed that the nominal stresses were kept within the elastic limit of 
the materials. 
The difference in life between high crown and low crown groups 
gives a general indication of the geometrical effect. To examine this more 
closely a plaster cast system was used to record the external geometry of 
each "as-welded" specimen. When the specimen had been tested to failure 
the points of fatigue crack initiation were identified and transferred to 
the plaster cast of that particular weld. This cast was then sectioned at 
the points of initiation and the external geometry at the points of initiation 
was thus found. A detailed account of this procedure is given in Section 4. 
5 
In this way the variation of major geometrical parameters was found and then 
related to fatigue life. 
In all cases the specimens failed from initiation points which 
appeared, under low power magnification, to be on the surface of the joint 
at the toe of the weld where the weld metal meets the base metal. To in-
vestigate this area metallurgically,and to identify points of initiation 
clearly~some of the fractured specimens were examined under high power 
optical microscopes and using a scanning electron microscope. 
In order to investigate the stress conditions at the toes of the 
welds due to the notch effect of the reinforcement,a theoretical examination 
of the stress concentration was developed. (5) To supplement this work a 
series of idealized geometries and their notch effects were studied using a 
photoelastic method. The results of this work are reported in Appendix A. 
6 
3. Fatigue Tests 
All tests were conducted in the University of Illinois' lever-type 
machines shown schematically in Fig. 3.1. Three different machines were used 
in the conduct of these tests. This was a disadvantage because the indivi-
dual characteristics of each machine may affect the results. However, to 
use only one machine for such a long series of tests was impractical in 
terms of the time involved. To isolate some of the effects of the machines 
any group to be tested at one stress range was tested on one machine. 
As shown in Fig. 3.1, a variable throw eccentric transmits force 
through a lever to the specimen at a multiplication of approximately 15 
to 1. The load range is set by varying the throw of the eccentric, and 
the maximum load is set by adjustment of a turnbuckle located between the 
dynamometer and the eccentric. The deformation of the dynamometer, as the 
specimen is subject to a stress cycle, is used to indicate the magnitude 
of the load. 
Each specimen was placed in the machine, the bolts were inserted, 
a static tensile load was applied to ensure proper alignment, and then all 
bolts were tightened to snug plus one half turn. After the desired load 
had been set and the machine started, a microswitch was adjusted to stop 
the machine automatically when the deformation of the specimen increased 
a small amount as the result of the initiation of a fatigue crack. This 
usually happened when the crack had propagated through approximately one 
half of the width of the specimen. The fatigue lives reported herein'are 
the number of cycles when the machine stopped. The number of cycles to com-
plete failure was not used as the stress range had to be changed to produce 
failure without damaging the initial fracture surfaces. The number of cycles 
7 
to in~tiation was not used since initiation is difficult to define in a 
non-arbitrary way. 
Once a test was complete the specimen was removed, the portion 
around the weld cut out for easy handling, and a photograph of the fracture 
surface was taken as a permanent record. The fractured joints were then 
stored in a dessicating jar to avoid rusting of the fracture surfaces. 
In order to avoid any bias in the results due to the steel having 
different qualities at the edges of the plates and at the centers the samples 
were chosen from the plate in a random way. This was achieved by using a 
list of random numbers (6) to select numbered samples from the plate. 
8 
4. Determination of Geometry 
After a welded specimen had been tested to failure the fracture 
surface was visually inspected to determine the location or locations of 
the crack initiation. Fatigue fracture surfaces generally reveal character-
istic markings which, on careful examination, identify the point of 
initiation. These markings, sometimes called "shell" markings, appear as 
concentric circles radiating from the eye or point of initiation of the 
failure with radial lines spreading from the point of initiation. The 
fracture surfaces show little or no deformation and exhibit a surface 
which is approximately perpendicular to the face of the plate. If more 
than one point of initiation was present, the one which appeared to have 
formed first was chosen as the principal cause of failure. When it was 
impossible to determine at which point initiation occurred first, the data 
from each of the various locations of initiation were recorded. 
After the point or points of initiation had been identified, 
the cast was sectioned along a plane 1/16 in. away from the plane passing 
through these points. The sectioned cast was then sanded with progressively 
finer emery cloth until the highly polished section coincided with the plane 
passing through the points of crack initiation. Care was taken to insure 
that the finished surface was free from all defects and chipping along the 
weld profile. 
A small projector was used to obtain an enlarged image of the 
sectioned cast. This enlarged image (magnified to XSO) was traced onto 
paper as a permanent record. From this tracing it was possible to measure 
the geometrical parameters of the external weld profile. The parameters 
measured were the height of the weld, width of weld, slope of weld, radius 
at the toe of the weld, and depth of undercut, if present. (Fig. 4.1) 
9 
As will become clear from later discussion, the identification 
of points of initiation and measurement of geometry was not easy. It 
was not clear, when testing started, whether the "gross" (or general) geo-
metry of the whole weld in the vicinity of initiation would be important; 
or whether the "local" geometry immediately around the point of initiation 
would be of interest. Consequently the parameters of, undercut, slope and 
radius of weld at the toe of the weld, were measured both in terms of a 
gross (overall) geometry and in terms of the very small variations of 
geometry at the point of initiation. 
This procedure raised two questions. Firstly, how small is 
the "local" geometry and is the plaster cast capable of reproducing it? 
(Using the projection system described above measurements of 0.001 inch 
could be made.) Secondly, although the point of initiation is well 
established in a direction parallel to the weld it is not so easily fixed 
in the direction transverse to the weld. This again calls into question 
the relevance of the "local" geometry measures. 
These difficulties became more understandable in the light of the 
fractographic work and are raised again in Part 7. 
10 
5. Presentation of Geometrical and Fatigue Test Results 
In the case of every specimen tested, the fatigue cracks initiated 
in the region of the toe of the weld and followed the line of the toe of 
the weld for some distance. Figure 5.1 shows this phenomenon during the 
later life of Specimen G36-27. 
It would appear from an examination of the fracture surfaces, and 
from observations of the behavior during tests, that there are at l~ast 
two modes associated with the formation of the fatigue fractures. First, 
several points along the toe of the weld will initiate fractures. Character-
istically, but not always, these are on one side of the plate. In 50 percent 
of the cases cracks were initiated at both toes of the weld on one or both 
sides of the plate. During the early stage of propagation, the crack 
propagates along the toe of the weld but not very far into the thickness 
of the plate. If there were cracks present at both toes of a weld reinforce-
ment one eventually became the dominant crack. 
During the second phase of propagation the crack propagated more 
rapidly into the thickness of the plate. This resulted in a fracture extending 
right through the joint and produced enough strain in the member to activate 
the fatigue machine's micro-switch. 
When testing those specimens cycled to 35 ksi it was noticed that 
after the first cycle the mill scale on one side of the A36 plate exhibited 
diagonal "Ltiders" lines showing that the material had yielded. It 
was concluded that general yielding had not occurred, but rather the surface 
of the plate, which contained residual tensile stresses as a result of the 
cooling of the final weld beads, had yielded. 
The results of the fatigue tests are shown specimen by specimen in 
Table 5.1 (the fatigue fractures of the specimens are shown in Appendix C). 
11 
From there it can be seen that specimens G36-27 and G36-9 contained internal 
flaws which may have accounted for their low lives. Also it should be noted 
that specimens G36-38 and G36-26 were run at a stress range of 2.0 ksi, 
36.8 ksi due to the use of a faulty gauge in the dynamometer. 
The results for A36 steel are displayed on an S-N diagram in Fig. 
5.2, those for A44l steel in Fig. 5.3. 
The geometrical parameters were measured at the points of initiation 
of fatigue cracks. There are many instances where a fatigue specimen showed 
more than a single point of initiation. In these cases, the points which were 
obviously dominant in the fracture process are taken. However, there is no 
way of distinguishing between two or more dominant points on one specimen. 
This accounts for the multiple entries in the table of data (Tables 5.2 
through 5.5). 
The results of the geometrical measurements were grouped into sets 
referring to one steel and one stress cycle. For each group, each parameter 
was plotted against the fatigue life of the specimen concerned to evaluate 
the geometrical effects. The results of these comparisons will be discussed 
in detail in a later section. 
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6. Metallurgical Investigation 
The metallurgical investigation is reported in two parts, this 
first part, Section 6, dealing with the general metallurgical aspects and 
Section 7 with the fractographic study. 
6.1 Summary 
The microscopic examination of an "as-welded" joint and a fatigue 
tested welded joint is reported. The main microstructures encountered 
are described and explained together with some special features of the 
particular specimen. The path and appearance of the fatigue fracture are 
discussed together with the quality of the joint near the toe of the 
weld. 
6.2 Introduction 
Data from past experiments, using high strength steels, have 
indicated that, in the case of higher strength steels at least, the fatigue 
life of butt-welded joints may be related to the internal weld geometry 
(eg. notches formed by inclusions of slag etc.). A similar relation was 
indicated by the British Welding Research Association (3) which found 
fatigue cracks originating in the periphery of welds where there were 
large concentrations of non-met~llic inclusions. 
To evaluate the geometry of the weldments in the fatigue series 
reported above it was decided to make a microscopic examination of some of 
the welds tested. 
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6.3 Test Specimens: Materials and Procedures 
The specimen materials and fabrication procedures are described 
in Appendix B. Figure 6.1 indicates the manner in which "as welded" 
samples of each joint were taken for metallurgical examination. The 
major part of this investigation was carried out upon the "as welded" 
sample from specimen No. G36-S. This specimen failed after a fatigue 
life of approximately 700,000 cycles. 
6.4 Background Study of "As-Welded" G36-S Joint 
Two "as-welded" samples of this joint were taken, one from each 
side of the specimen as shown in Fig. 6.1. The initial size and shape 
of these samples is shown in Fig. 6.2. One of the two samples, identified 
as sample 'A', was polished and etched without any form of mounting. It 
was used for general study of the appearance of the microstructure of the 
base metal, heat affected zone (HAZ) , and filler metal, and a hardness 
plot. The second "as-welded" sample was cut into four pieces (see Fig. 
6.2) one of which was hot-mounted in bakelite. This was then polished 
and etched in an attempt to display the surface edge at the toe of the 
weld. 
6.4.1 Examination of Surface Edge 
The method of mounting was found to be unsuitable for preserving 
the edge of a specimen. The bakelite did not bond well with the steel, 
permitting polishing agents and other fluids to enter the crack between 
the bakelite and the steel. After etching these impurities would leak 
back onto the surface and obscure the microstructure. Another more 
serious difficulty was that of maintaining the edge whilst polishing. 
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The mounting medium appeared to be rather soft and thus it was difficult 
not to round off the edges of the steel sample even within its mount. 
Hence it was not possible to focus a high powered lens on this edge and 
obtain the desired information. 
A second method of mounting was used with more success on the 
fatigued sample. This is described later. 
6.4.2 Changes in Microstructure 
The appearance of the etched cross section, sample 'A', is 
sketched in Fig. 6.3, the different passes of filler metal and the Heat 
Affected Zone (HAZ) being clearly visible. To form a permanent reference 
of the changes in microstructure from Base Metal through Heat Affected 
Zone to the Filler Metal, a series of photographs were taken in the traverse 
shown on the sketch. These photographs show the four basic microstructures 
present in the joint (Fig. 6.4). They are: base metal; heat affected 
zone, grain refined; heat affected zone, grain coarsened; and filler metal. 
The magnification of this series is X2l6 and at this level forms a useful 
reference when scanning the structure of any future weld joints in these 
materials. To help further in identification of the microstructure a 
series of photographs were taken at the higher magnification of X540. 
One photograph was taken of each of the four basic microstructures, Figs. 
6.5 - 6.8 inclusive. 
Unaffected Base Metal. The A36 steel, containing 0.23% C by 
weight, is a hypo-eutectoid steel. Its character after normal air cooling 
is clearly visible in Figs. 6.4 and 6.5. The white areas are pro-eutectoid 
ferrite which precipitates first from the austenitic phase as the steel 
cools. When the remaining austenite contained approx. 0.89% C it 
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precipitated ferrite and cementite together in layers forming the 
eutectoid called pearlite. The layered structure of this pearlite can be 
clearly seen in Fig. 6.5: the black being cementite and the white ferrite. 
From Fig. 6.4 it can be seen that the normal base metal is com-
posed roughly of 50-60% ferrite and 30-40% pearlite. The size and shape 
of the original austenite grains can also be seen in this photograph. 
The grain boundaries of the austenite structure do not change on cooling 
normally in air. 
Heat Affected Zone, Grain Refined. The microstructure of the 
grain refined, heat affected zone is still composed of ferrite and pearlite 
but it is clear that in this region the base metal has undergone some 
heat treatment due to the welding process. Because this region is 
relatively far from the weld, and next to the unaffected base metal, it 
is reasonable to assume that the temperatures experienced by this metal 
during welding were not excessive. Also, this region, by virtue of its 
position, has not been subject to rapid changes in temperature nor high 
temperatures for sustained periods of time. If the temperature induced 
in the base metal by welding is higher than the Acl temperature than 
austenite begins to nucleate on the ferrite-cem~ntite interfaces of the 
pearlite. On cooling pearlite again precipitates but now in a&ightly 
more diffuse grain pattern; if the base metal is heated for a short while 
to the Ac3 temperature then all of the pearlite and ferrite changes to 
austenite, assuming the temperature is held above Ac3 long enough for 
complete diffusion of the Carbon to occur. As each pearlite grain of 
the base metal may give rise to several austenite nuclei the austenite 
grain size, when the temperature is just above the Ac3, is at first quite 
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small. If the metal is cooled at this point then ferrite and pearlite 
are again precipitated but now the pearlite is diffused throughout the 
ferrite. 
The Grain Refined region of Fig. 6.4 exhibits these types of 
microstructure very clearly. Figure 6.6 is a magnification of part of 
the grain refined region towards the weld. 
Heat Affected Zone, Grain Coarsened. If the metal is held 
above the Ac3 temperature for some time then the small austenite grains, 
nucleated from within the pearlite, absorb each other and increase in 
size. Slow cooling would give a microstructure similar to that of the 
base metal. However, the region of the metal being welded is small 
compared to the remaining mass of steel plate. The plate forms a heat 
sink and hence the metal in the region of the weld is cooled fairly 
rapidly. This gives rise to a much finer pearlite structure within the 
larger grains formed by the grain growth described above. This structure 
can be seen in Figs. 6.4 and 6.7. 
Throughout the base metal (unaffected and heat affected) can be 
seen many inclusions of slag impurities. These appear in the photographs 
as uniform grey shapes extended in the direction of rolling of the plates. 
The absence of these in the filler metal is conspicuous and helps in 
fixing the line of fusion between filler metal and base metal. 
Filler Metal. This is the metal placed in the joint from the 
melting electrode. The low carbon content results in a microstructure 
that is nearly pure ferrite. Under high magnification there are small 
spheroids visible throughout the grain structure. When one bead is 
laid the metal usually forms long dendrites of ferrite grains. The form 
of these is shown at the extreme end of Fig. 6.4 These grains are so 
large that their general orientation can be discerned in the etched 
section with the naked eye. 
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If a second bead of filler metal is laid on top of the first 
then the first undergoes some restructuring of grain size. The grains 
tend to become smaller and not obviously columnar. Hence the bottom of 
each pass has a columnar grain structure whilst the top of each pass 
(except for the final passes) is heat affected and the grain size refined. 
Figure 6.8 shows a magnification of the refined grain filler metal whilst 
Figure 6.4 exhibits both. 
The effects of subsequent passes of filler metals on the micro-
structure of an existing weld are not confined to the filler metal alon~. 
The heat affected base metal, having one microstructure due to an initial 
weld pass, may be re-heat affected to a new microstructure. Consequently 
the sequence, filler metal, heat-affected grain-refined, heat-affected 
grain coarsened, and base metal is not always found. In some parts of 
the weld the heat affected, grain coarsened structure is absent; this 
may have been refined by a subsequent pass of filler metal. 
6.4.3 Detailed Features of the Microstructure 
The broad categories described above do not cover every phenomenon 
in the weld. Three variations have been noted and will now be described. 
Porosity in the Filler Metal. When the specimen is viewed using 
a Dark Field objective, pores in the metal can be made to shine as silver 
patches in the microstructure. As with gold, so also with pores, not 
everything that shines is a pore. However, by careful examination and 
comparison of filler metal and base metal it was possible to distinguish 
most of the pores present. There was not, in general, much diffuse 
porosity in the filler metal. There were a few large pores and two very 
big ones which were visible to the naked eye. The location of these 
two pores are shown in Fig. 6.3. It can be seen that they occurred 
between the 1st and 3rd, and 2nd and 4th passes of filler metal very 
near the line of fusion. 
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The Root Pass. Close examination of the root pass at 
Magnification X 1,350 disclosed a microstructure not typical of the 
filler metal. The grain structure was extremely fine with spheroids, 
perhaps of carbon, and some very fine lamella of pearlite. It would 
seem that the base metal has become fused with and mixed into the filler 
metal at the center of the weld. As this microstructure stretches right 
across the weld at the root pass it is possible that there was little, if 
any, gap left between the plates when welding occurred. 
Dendritic Structure Near the Line of Fusion. The photograph in 
Fig. 6.9 displays a well developed dendritic structure which lies, as can 
be seen from Fig. 6.10, in the base metal near the line of fusion. It is 
apparent that it has been subjected to heat treatment by two passes of 
filler metal. Fig. 6.10 also shows this region surrounded by the standard 
grain coarsened structure of the heat affected zone. A possible explanation 
of the growth of this structure follows. 
The first pass of the electrode heated the base metal sufficiently 
into the austentic range for grain growth to occur. Judging by the condi-
tion of the surrounding material, this region of the Heat Affected Zone 
then cooled to the grain coarsened state. The second pass of weld metal 
reheated the heat affected base metal near the top of the initial pass. 
This allowed grain growth to occur again, thus producing particularly 
large grains at this point in the HAZ. After a weld pass is deposited the 
HAZ is not expected to be cooled suddenly. However, the existence of 
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large areas of unheated metal adjoining the HAZ does form a heat sink and 
the HAZ is cooled more rapidly than the as-rolled plate when it is initially 
air cooled after rolling. It is possible that the grain size had grown 
so large and the cooling time had become shortened enough to prevent 
normal precipitation of the ferrite at the grain boundaries. If this had 
happened the ferrite would have tended to separate within the grains, 
usually along cleavage planes. The dendritic structure formed in this way 
is called a Widmanstatten structure. This is probably the process by which 
the structure visible in Fig. 6.9 was formed. 
Whereas the general observations of the earlier parts of this 
discussion can be applied to all of the test specimens, the particular 
effects mentioned above are germaine only to a discussion of specimen G36-8. 
6.4.4 Hardness Plot of The Weld Section 
The hardness surveys carried out on specimen G36-8 are probably 
representative of all the specimens as the hardness tests were taken within 
the general divisions of microstructure. 
Two hardness plots of specimen G36-8 were made on the "as-welded" 
sample "A". One longitudinal plot (A-A Fig. 6.3) and one transverse plot 
(B-B Fig. 6.3) were recorded. In each case a series of measurements of 
Vickers Hardness was made at points equally spaced along the traverse 
(See Fig. 6.11). Although the results are somewhat erratic it can be seen 
that the filler metal is harder than the base metal. The heat affected 
zone can be both harder and less hard than the unaffected base metal. 
The hardness values are shown in Fig. 6.11 where the microstructure 
at the point of measurement is also recorded. There does not appear to 
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be any correlation between microstructure and hardness. The variation 
in hardness measured in both the Heat Affected and the Unaffected base 
metal was only 10%. It is possible that this variation is to be expected 
in a metal where the grain size is as large as the indenter used. The 
30% variation in hardness of the filler metal remains unexplained. 
6.5 Cross Section of Fatigue Tested Joint 
Specimen G36-8 developed two fatigue cracks during testing; one 
on each side of the weld. Eventually one of these cracks became dominant 
and propagated across the area of the joint. From an examination of the 
fracture surface it was established that the dominating crack initiated 
at the surface of the metal. The point of initiation was indicated as being 
a centre from which radial lines on the fracture surface emanated. There 
were several points of initiation along the surface and all occurred at 
the toe of the weld. From a superficial examination of the weld failure 
it appeared that both fatigue cracks followed the line of the weld metal-
base metal junction at the surface. This is indicated in the Sketch in 
Fig. 6-12 which also shows the section that was taken for examination. 
The section of tested weld was cold mounted in resin and then 
polished and etched. Some of the difficulties of lack of bond mentioned earlier 
were experienced but did not totally prohibit an examination of the section. 
Most of the cleaning fluids that penetrated into the crack between the 
resin and metal were dissolved away by prolonged soaking of the mounted 
specimen in alcohol. The resin was of sufficient hardness to enable the 
edge to be preserved during polishing. 
6.5.1 The Paths of Fatigue Cracks 
The sketch in Fig. 6-13 indicates the shape of the section and 
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the locations of the fatigue cracks. The details of Fig. 6-13 show how 
the fracture surface relates to the toe of the weld on each side of the 
specimen. The fractures initiated somewhere along the edges 'D' and 'e'. 
The fractures appeared to start, in both cases, in the weld metal very 
near the line of fusion. Both cracks then turned slightly in towards 
the weld as if following the HAZ for a short distance before propogating 
straight across the joint in a direction normal to the surface, perpendi-
cular to the applied tensile stress. Thus the cracks propogated, apparentJy 
unaffected, through all types of microstructure found in the base metal. 
The weld bead on the side away from initiation was very large and 
hence extended across the path of the fracture. Also, by the time that 
the crack had reached the far side of the joint, the material was 
undergoing a great deal of bending. This, combined with the high hardness 
of the HAZ and filler metal, caused the cracks to turn outward from the 
joint. At corner 'A' the fatigue crack reached the surface of the joint 
at the line of fusion between the filler and base metal. In the case of 
corner 'B' the fracture remained in the HAZ of the base metal all the way 
to the surface. 
It must be emphasized that in viewing the fracture surface at 
corners 'e' and 'D' one is not looking at a point of initiation. The 
cracks had spread radially to 'e' and 'D' from points of initiation 
somewhere along this edge but at other cross sections. It is significant 
to note, however, that the fracture surfaces at 'e' and 'D' were near 
the points of initiation and are just within the filler metal. 
6.5.2 Character of the Fracture Surface 
The fracture propogated quite cleanly through the material 
immediately after initiation with a minimum of flaking or subsidiary 
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cracks. It continuted in this fashion through the unaffected base metal 
towards corners 'A' and 'B'. On this far side of the specimen however, 
the surface was more irregular with many small flakes of metal rising from 
the fracture. This difference, although slight, may be connected with 
the change in state and magnitude of stress. 
A large number of micro cracks extended from the fracture surface 
into the joint. They were most easily discernible in the region of the 
unaffected base metal where there was a tendency for them to propagate 
in the ferrite rather than through grains of pearlite. It appeared that 
these micro cracks were more numerous in the central region of the joint 
and towards corners 'A' and 'B'. Here they had a tendency to run into 
the joint at right angles to the fracture surface for a short distance and 
then turn at right angles and propagate for a short distance parallel to 
the fracture surface. 
6.5.3 The Weld Surface 
An examination of the edge of the final weld passes provided 
some interesting information on the weld ,surface. The crown and main 
part of the beads had a fairly regular and smooth surface with no cracking 
from this surface. However, the quality of the surface markedly degenerated 
near the toe of the weld. Here it was very rough with many bumps and pits. 
This uneven surface was also apparent on the base metal near the toe of 
the weld. 
More siginificant, in the light of the BWRA report mentioned 
above, was the existence of a micro crack running into the weld from the 
weld surface. It was in a portion of the weld near the line of fusion 
and originated in the rough part of the weld surface. It is visible in 
the photograph Fig. 6-14. This was the only micro crack in the weld 
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surface that was found using the available magnifications. It is, of 
course, not possible to determine whether this crack was a result of 
the fatigue testing or had formed during the welding process. 
7. Fractographic Study 
7 . 1 Summary 
24 
In this section the results of an examination of the fracture 
surfaces of fatigue tested welded joints are reported. A scanning electron 
microscope was used to examine and to photograph the features of the 
surfaces near points of initiation. The general features of the fatigue 
fracture surfaces are discussed and displayed together with some more 
specific detail. The junction of the weld metal with base metal at 
the "toe" of the weld is described and possible modes and sites of crack 
initiation are discussed. 
7.2 Introduction 
This is the second of two sections in which the relationship 
between the microscopic features of welded joints and their fatigue lives 
are considered. The first, Section 6, describes a series of examinations 
made with an optical microscope. This type of instrument has a severely 
limited depth of focus at high magnifications and hence is suitable only 
for use with plane surfaces. Quite apart from the destructiveness of the 
approach 'in Section 6 the difficulty of identifying points of initiation 
prevented its use to study the points of initiation. It is also clear that 
the "depth of field" limitations of the optical microscope make it unsuit-
able for viewing fracture surfaces. The scanning electron microscope 
suffers from no such limitation, as can be seen from the photographs in 
this report, and hence became the major tool in examining the surfaces. 
Although the initial objective of this phase of the research, to identify 
points of initiation conclusively, has so far been unsuccessful many 
characteristics of fatigue fractures have been displayed. 
7.3 Test Specimens: Materials and Preparation 
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The fatigue fractures under study are from the butt welded joints 
in A36 steel. The two specimens discussed herein are G36-8 which failed 
after 723,843 cycles of loading and G36-3 which had a life of 758,154 
cycles. Both specimens were cycled from 2,000 psi to 27,000 psi. In each 
case the fracture surface propogated into the base metal, starting at 
various points along the toe of the weld and continuing perpendicular 
to the surface of the plate while plane strain conditions prevailed. Thus 
there is a matching pair of fracture surfaces, one on the half of the 
specimen which has the weld and the other on the half which is simply plane 
plate. Specimen G36-8 was cut from the half having the weld while specimen 
G36-3 comes from the half of its test piece without the weld. (See Fig. 
7.1) General views of the fracture surfaces are shown in Fig. 7.2 and Fig. 7.3. 
Since the chamber of the electron microscope is only capable of 
receiving specimens which are a maximum of 1/2" in diameter, specific 
areas for examination had to be cut out of the total fracture surfaces. 
These were chosen, as shown in Fig. 7.2, to include what was judged to be 
a point of initiation. It was found that this initial selection was best 
made using a low power optical stereo microscope. 
To protect the fracture surface during cutting it was coated 
with a polystyrene laquer--"Q-dope." Once the selected portion was of 
the correct size, the coating was removed by dissolving it with acetone 
in an ultrasonic cleaner. The specimen was then glued to an aluminum 
mount and electrical contact was ensured by painting the junction of mount 
and specimen with metallic paint. When placed in the chamber of the 
microscope the specimen can be turned to any angle in the horizontal 
and vertical for viewing. 
7.4 General Features of Fracture Surfaces 
26 
Traditionally, fatigue fractures have displayed "clam shell" 
markings in concentric segments around the point of initiation. It will 
be seen from Figs. 7.2 and 7.3 that, in this instance, a distinctive 
ring marking only occurred where the stress pattern is changed by the 
advancing crack from a plane stress mode to some other mode. This lack 
of "clam shell" markings is found in all of the specimens available from 
the fatigue tests. In every case a more obvious marking, at the micro-
scopic level, is a series of radial lines spreading from what one may 
intuitively take to be the point of initiation. This intuitive feeling 
was assumed to be correct partly because the point also coincides with the 
centre of the ring marking in many cases. 
The area encompassing the point of initiation of specimen G36-3 is 
shown enlarged in Fig. 7.4 and again in Fig. 7.5. Fig. 7.4 shows, perhaps 
not too clearly, the radial lines that seem to spread from the area of ini-
tiation. "Area" of initiation is used since the lines corne from no particular 
point in the area of fracture surface that lies at the edge of the specimen 
between the two clearly defined .ridges. An optical examination showed 
that the lines started at a number of points along the edge of the fracture 
(within the region described above) and ran perpendicular to the edge for 
a distance of some millimetres before spreading in a fan-like way to 
radiate across the major part of the fatigue fracture surface. A more 
obvious feature is the change in surface texture from area to area. 
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Three bands, each of a different character run parallel to the fracture , 
edge. Firstly, near the edge, is a region of fairly uneven surface 
(granular texture). Then there is a thin band of very irregular and 
"Crystalline" form followed by the major part of the fracture surface 
with the most regular appearance of the three types. 
A broad division into three surface ty~es was also a feature of 
specimen G36-8; this is visible in Figs. 7.6 and 7. 7 . These pb..bto1!ranhs 
show a portion of the fracture with the weld, the surface of which shows 
up as a very light colour to the left in the photograph. A sketch of 
this specimen is shown in Fig. 7.8 to make its location and form more 
easily understood. It would appear that the fatigue crack has followed 
the undulating edge at the toe of the weld but occasionally ran beneath 
the toe. In these instances the crack has not propagated into the 
weld metal but the fracture surfaces have pulled apart leaving the toe of 
the weld as a "lip" projecting above the fracture surface. It will be 
noticed that although three bands of texture appear they are not alto-
gether the same as those of specimen G36-3. The middle band is broader 
than its counter part of G36-3 and considerably smoother; having no 
"crystalline" appearance. However, the other two bands are very similar 
in nature to those of the first specimen. 
7.5 Specific Features of Fracture Surfaces 
7.5.1 Fracture Surface of Specimens G36-8 and G36-3. 
The regions of the fracture surfaces that are well away from 
the edges (i. e. away from points of initiation) are similar in both 
specimens. It seems most probable that the fracture surface passed through 
a region of the base metal which is in the heat affected,grain refined state. 
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The grains in this region are extremely small and irregular in orienta-
tion. Low magnification views of the regions can be seen in the lower 
right hand corne!s 2f Fig. 7.4 and 7.7, and higher magnifications in 
Figs. 7.9 and 7.10 which are taken from specimen G36-3 but are typical 
of both specimens. 
It was hoped that this region, away from surface irregularities 
and notches and major distortions due to the welding, would provide a 
key to the interpretation of the fracture surface features. The most 
striking thing at first is the irregularity but there is a suggestion 
both in Fig. 7.9 and in Fig. 7.10 of a general orientation of the features 
in a direction from the top left hand corner of the photograph to the lower 
right hand corner. This is the direction in which the front of the 
fatigue crack is believed to have travelled. 
A fairly extensive search of the existing literature on fracto-
graphy brought to light little information upon surface features such as 
those displayed here. This is because most of the interest has been 
centered around the presence of striations in the fatigue crack surfaces 
of aluminum alloys. Secondly what work has been done on mild steels 
was on normal austenitic steel where the grain size is some six times 
the size of the grains in the region being studied here. One work which 
was helpful is that of Zappfe and Warden (7) which was carried out in 1951 
and used a microscope with a very limited field of view. They mention 
two types of feature, "platies" and "striations." The "platies" are 
features that have been shown to be connected with the grain structure of 
the metal and appear as irregular faces, touching along grain boundaries, 
across which the fracture surface has moved. The striations appear as 
movements in the fatigue crack front with every cycle of load applied. 
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They are smaller details than platies and are best observed on fracture 
surfaces as they pass through single grains. 
Figure 7.10 displays features that might be called "platies," 
the irregularity being a function of the very small and disorganized 
grain structure of the HAZ. Figures 7.11 and 7.12, display an area 
clearly marked with striations, however, these markings are not frequent 
on the surface and difficult to find. They thus give no easy way of 
plotting the movements of the fatigue crack front over a large area. 
7.5.2 Features on Specimen G36-3 
The region of granular texture, running as a thin band a small 
distance in from the edge of the fracture and parallel to it, can be 
seen in Fig. 7.4 and at higher magnifications in Fig. 7.5. This 
granular fracture surface is clearly seen at high magnification in Fig. 
7.13; the size of features in this figure appear to correlate with the 
size of grains in the HAZ grain coarsened region of these welds. It is 
very likely that this particular type of surface is due to the presence 
of large grains but two questions remain unanswered. Firstly, why did 
this texture not appear in specimen G36-8, and secondly, why did the grain 
coarsened region not extend to the free surface of the plate at this 
point? Figure 7.4 shows that the texture does not extend to the surface. 
Thus, there may be a small region near the surface where initiation takes 
place and where the state of stress is slightly different than in the 
" 1" d" h d granu ar texture reglon--ln ot er wor s t~ee bands of different 
character may actually exist on the fracture surface. 
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The Area of Initiation. The region along the surface of the 
specimen, which is assumed to be the area from which the crack originated, 
had no obvious points of initiation. Figure 7.14 is a magnified, typical 
detail of a part of the initiation region in Figure 7.5. Since no 
obvious points of initiation appear it is tempting to conclude that the 
crack started all along the edge in Fig. 7.5. There is, however, no 
evidence to support this and more work and comparisons with other fatigue 
fractures is required before the features displayed can be adequately 
"read". 
7.5.3 Features on Specimen G36-8 
The Junction of Weld Metal with Base Metal. Figure 7.6 shows 
that the fatigue fracture clearly exposed the junction of the weld metal 
at the toe of the weld with the base metal. It may be seen from this 
figure and Fig. 7.15 that the toe of the weld extended over the fracture 
surface forming a "lip". In Fig. 7.15 there are places where there was 
apparently no bonding between the base metal and the weld metal. 
Figure 7.16 shows, at great magnification, a view of the crack between the 
base metal and weld metal--the lack of bond apparently extended along the 
surface of the base metal and under the weld. Figures 7.17, 7.18 and 7.7 
show that this lack of bond was an extensive feature. It seems likely 
that the weld metal flowed out (deposited in the down head position) to 
form the toe of the weld, and ran over the surface of the base metal 
without fusing with it. Perhaps the presence of mill scale on the plate 
was responsible for the lack of bond. It is concluded that there was no 
bond between the weld metal and the base metal since the exposed por-
tions of the weld metal surface shown in Figs. 7.15 and 7.16 show no 
signs of weld fracture. 
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The area of initiation. From a visual examination of the frac-
ture it seemed that the fatigue crack probably initiated in the region at 
the top of the near crest shown in Fig. 7.6 at the junction of the base 
and weld metal. However, as in the case of specimen G36-3, no conclusive 
evidence was found in examining this region more closely. Although no 
obvious points of initiation have been found, the existence of lack of 
bond at the toe of the weld is significant since it radically alters the 
geometry of the joints at this location. 
Two non-characteristic features. As shown in Fig. 7.6 the 
fracture surface undulates between two crests along the edge of the weld. 
In the dip between these crests a number of small cracks (see arrows) 
were found in the fracture surface. These are visible in Fig. 7.19 where 
the edge of the weld surface can also be seen in the upper left hand 
corner. These cracks may be the surface manifestations of cracks running 
into the specimen from the fracture surface noted in Section 6. As 
mentioned in Section 6, it is difficult to understand how a stress could 
be set up that would cause cracking in this direction during the early 
phases of fatigue. Since the cracks are not all parallel with the 
direction of rolling of the plates it would seem that they are not 
connected with the inclusions in the base metal. 
A feature which may well be the result of an inclusion in the 
base metal is shown by an arrow in Fig. 7.18 and to a greater magnification 
in Figs. 7.20 and 7.21. Here the crack runs into the fracture surface at 
what may have been the location of an inclusion. The fracture surface has 
been distorted at this point, indicating that the stress pattern was very 
much affected. 
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8. Discussion of Results 
8.1 The Effects of Geometry upon Fatigue Life at Different Stress Cycles 
It would appear, from Figs. 5.2 and 5.3, that the high crown and 
low crown specimens act as separate groups. A statistical evaluation was 
made of the lives and the values of the geometrical parameters for each 
group at each stress cycle. This analysis indicated that if the geometry is 
measured in terms of flank angle, height, and width of the reinforcement 
then the "high" crown specimens and the "low" crown specimens make up two 
separate groups of distinctly different geometry. The only overlapping 
of geometry being in terms of the flank angle measurements of the A36 
specimens tested at the low stress cycle. 
Thus, if the external geometries of the specimens are measured in 
terms of flank angle, height, and width of reinforcement, then the two 
groups "high" crown and "low" crown group may be said to come from two dis-
tinct populations. Thus it is possible to generalize about these two 
groups and make the following observations: 
i) It can be readily seen from the S-N diagrams (Figs. 5.2 and 5.3) 
that both groups behave in a similar fashion for both steels. 
ii) When tested at a stress cycle of 2.0-35.0 ksi the high and 
low crown grou·ps have distinctly different lives. Indeed the 
groups are statistically distinct in their behavior (see Fig. 8.1). 
iii) When tested at a stress cycle of 2.0-27.0 ksi the groups are 
distinct only insofar as the "high" crown group makes up one end 
of a scatter band and the "low" crown group the other. It is 
not clear that the groups are statistically distinct in their 
behavior. There is an overlapping in the scatter band. 
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The question that arises is "Why do the groups tested at the 
higher stress level show a different type of behavior?" Several obser-
vations are made regarding this question. 
i) There is no clear-cut reason why the behavior of the specimens 
tested at the higher stress level was any different than that 
of those tested at the low stress level. The specimens all came 
from the same family of external geometry and presumably contain 
a similar distribution of micro notches, metallurgical notches, 
and residual stresses as all the other specimens. 
ii) The stress levels of the tests in terms of the yield stress of 
the plates were: (maximum stress as a ratio of yield stress) 
2.0 - 27 k.s.i. 
2.0 - 35 k.s.i. 
A36 
(yield 41 ksi) 
0.66 
0.85 
A44l 
(yield 55 ksi) 
0.49 
0.64 
From this tabulation, the S-N diagrams, and Fig. 8.1, it can be 
seen that while the two groups ("high" and "low" crown) in A44l steel are 
distinct and separate in behavior when tested at 0.64 of their yield stress; 
this is not so for the case of the A36 steel specimens tested at 0.66 of 
their yield. In the latter case the difference in behavior of the low and 
high crown specimens tested was relatively small. 
These differences developed even though an attempt was made to 
maintain most parameters other than the crown height and the type of steel 
constant. Consequently, in each series of tests, the strain distribution 
and strain concentration factor will be essentially the same for the 
specimens in A36 and A44l steel. However, the thermal effects, as a re-
suIt of welding, on the two types of steel may be different. Finally, it 
34 
should be noted that the only other variable to be changed was the testing 
machine. One machine was used to test the A36 steel specimens at a cycle 
of 2.0 to 27 k.s.i. and a second to test the A44l steel at the low cycle; 
a third machine was used to test both steels at the high cycle of 2.0 to 
35.0 k.s.i. 
In the case of the high stress cycle it is inconceivable that the 
machine would separate out the high and the low crown geometries in the 
manner shown in Fig. 8.1. The difference in behavior therefore, must be a 
result primarily of the crown height rather than the type of steel. In 
the case of the low stress groups the differences in the behavior of the 
series are not as great as for high stress, but again must be a result of 
the crown height and not the type of steel; however, in this case the use 
of two machines must be considered, although previous experience with the 
equipment has indicated that the behavior of the machines is consistent. 
Thus, in this case, as well as at the high stress, the type of steel appar-
ently had no significant effect on the fatigue behavior of the members; the 
crown height had the major or principal effect. 
An attempt was made to explain the difference in behavior at each 
of the two stress cycles in terms of the stress concentration produced by 
the macro geometry of the weld reinforcement. As shown below, this leads 
to the same conclusion as the discussion above. 
The stress concentration factor was estimated using the work by 
A. T. Derecho(5) (Figs. 8.2 and 8.3) and the photoelastic results repeated 
in Appendix A. Measurements of the reinforcement height, width, notch 
radius, and flank angle were used to estimate the stress concentration for 
each point of initiation. The stress concentration factor was than applied to the 
35 
nominal stress and the results compared with the yield stress of the 
material, as found in the mill reports. 
The presence or absence of residual stresses in a direction 
transverse to the weld will, of course, affect the stress at any stress 
concentration. (8) W. H. Munse states that while there may be high residual 
stresses present, in the majority of cases investigated, residual stresses 
in the direction transverse to butt welds have had little or no effect 
on the fatigue behavior. 
The methods used,to find the stress concentration factors require 
the use of the radius of the reinforcement at the toe of the weld. Since 
the calculations were to be concerned with the stress concentration caused 
by the whole reinforcement as a notch, the radius parameter measured as 
the general radius was used in the calculations. 
If the residual stresses, as mentioned above, are small (on the 
order of. 5.0 ksi) we may conclude that the stress state of the toes of the 
welds would be as follows: Of the specimens in A36 steel, all of those 
tested in the stress cycle, 2.0 ksi to 35.0 ksi, would yield at the toe of 
the weld on application of the first cycle of load. Those specimens 
tested in the cycle, 2.0 ksi to 27.0 ksi would be borderline cases. Most 
of those with high crowns would have yielded; however, some of the low 
crown specimens would not yield on the first application of load. Of the 
specimens in A441 steel, those tested at the high stress cycle would pro-
bably be borderline cases with high crown specimens yielding and those with 
low crown remaining elastic. The A441 steel specimens tested at the low 
stress cycle probably all remained within the elastic range of stress at 
the toes of the welds. However, if residual stress of the order of 8 ksi 
existed at the toes of the weld as a tensile stress in the direction of 
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load then the A44l, low cycle specimens would have yielded under load also. 
However, the range of stress at the toe of the weld, the principal stress 
parameter determining the fatigue behavior, will be affected little by 
the residual stress. A change from the elastic state to the inelastic 
state at the toe of the weld does not account for the difference in behavior 
of the two geometrical groups at the different stress levels. 
8.2 The Effects of Geometry upon Fatigue Life at One Stress Cycle 
The geometrical parameters measured at each point of initiation 
are shown in Fig. 4.1. The values obtained were plotted against the life 
of the specimen from which they carne. A summary of the analysis of these 
plots is presented in Table 8.l.and the trends are displayed graphically 
in Figs. 8.4 to 8.9. 
It will be noticed that the size of local notch radius and angle 
at the toe of the weld provided no significant correlation with the life 
of the specimen. It will be clear, after the discussion of the metallurgical 
work, that the radius measured by the plaster cast method is often not the 
radius of the crack initiating notch. Hence, the lack of correlation in 
these results. Another somewhat surprising trend is that of increasing 
life with increasing depth of undercut. This is probably due to some other 
parameter (e.g., height of reinforcement) affecting the life more strongly 
than the undercut. 
The most consistent trend or correlation is found with the height, 
width, and general angle of the weld, parameters that relate to the area 
of the weld reinforcement. It is apparent that as this area increases, the 
fatigue resistance decreases for both stress cycles. 
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8.3 Metallurgical Effects at the Toe of the Weld 
The main results of the metallurgical examination may be summarized 
as follows: 
1. The work confirmed that the thermal effect of the welding process 
upon the base metal is to produce a microstructure of increased 
hardness (and therefore of increased fatigue notch sensitivity) 
near the weld. 
2. The surface of the weld reinforcement is particularly irregular 
near the toe of the weld even to the extent of having microcracks 
in it. Such cracks could well be initiation points for fatigue 
failure. 
3. In some specimens there is a lack of fusion between the weld metal 
and the base metal at the toe of the weld. It appears that the 
weld metal flows out over the base metal and solidifies as a lip 
projecting over the base metal but not connected to it. This is 
best displayed in Figs. 7.7 and 7.15. 
4. The point of crack initiation appears to have been in the heat-
affected zone of the base metal and underneath the lip of weld 
metal described below. Hence the notch characteristics measured 
"at the surface by a plaster cast only refer to a macroscopic 
effect of the stress raising action of the whole reinforcement. 
The work suggests that there are strong microscopic, metallurgical 
and geometrical features which may affect the fatigue life of welded joints. 
With the aid of such powerful tools as the scanning electron microscope 
it should be possible to understand better the features of fatigue frac-
ture surfaces and to identify better regions or points of initiation. The 
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existence of striations on the fatigue fracture surface in Fig. 7.12, 
indicates that some surface features may be "read" to determine the 
direction and speed of movement of the crack point. Other features observed 
on the surface are not so easy to understand. 
The gross geometry of the weld reinforcement clearly influenced 
the fatigue behavior of the welded joints as discussed above. The effects 
of the metallurgical notches and micro-geometry resulting from the welding 
process are apparently superimposed upon the overall geometrical effects 
and may have a ~reater control over the determination of the sites of 
initiation than such external geometrical parameters as the radius or angle 
at the toe of the weld. 
8.4 Conclusions 
The following may be concluded from the studies reported herein 
for joints in ASTM A36 and A44l steels. 
The fatigue failures of the transvers butt welded joints visually 
appeared to initiate on the surface of the joints at the toes of the welds. 
However, a detailed examination of some of the members indicated that the 
point of initiation may actually be located underneath a small lip of weld 
metal produced by the weld metal flowing out over the base metal during the 
welding. 
The weld geometry is found to have a significant effect on the 
behavior of the butt welded joints. However, the weld reinforcement para-
meters that relate to the area of the reinforcement, the height or \yid th or 
general angle at the weld, provide a better correlation with the fatigue re-
sistance than the radius at t~e toe of the weld, a factor long considered to 
be the most important factor. Thus, to obtain the greatest fatigue resistance 
from such members, the weld reinforcement should be kept to·a minimum. 
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TABLE AND FIGURES 
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TABLE 1.1 
SUMMARY OF TYPES OF STEEL AND STRESS RANGES USED TO EXAMINE THE EFFECT 
OF WELD GEOMETRY ON THE FATIGUE BEHAVIOR OF WELDED CONNECTIONS IN HIGH 
STRENGTH STEELS. 
Steel Type Min. Stress Max. Stress 
ksi ksi 
LOW ALLOY STEEL 0 +35 
0 +38 
+25 +50 
+24 +48 
-18 +18 
-20 +20 
-24 +24 
-26 +26 
-30 +30 
HY-80 +40 +80 
+35 +70 
+30 +60 
0 +50 
-30 +30 
-40 +40 
HY-100 -30 +30 
ASTM - AS 14 +41.5 +83 
+22 +44 
0 +25 
0 +30 
0 +52 
0 +55 
-15 +15 
-20 +20 
-30 +30 
-36 +36-
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TABLE 5.1 
SUMMARY OF FATIGUE TEST RESULTS 
Type of Stress 
Reinfor- Cycle Cycles to 
Specimen cement ksi Fractures Remarks 
* G36-8 H 2.0+27.0 723,843 
G36-4 " " 605,079 
G36-2 " " 610,201 
G36-27 " " 421,249 severe lack of fusion 
G36-3 L " 758,154 
G36-34 " " 956,186 
G36-9 " " 673,350 some internal flaws 
G36-39 " " 714,207 
G36-38 H 2.0+36.5 271,450 
G36-26 " " 154,400 
G36-37 " 2.0+35.0 152,950 
G36-40 " " 246,000 
G36-46 L " 403,450 
G36-19 " " 350,300 
G36-5 " " 351,800 
G36-12 " " 525,700 
G441-2 H 2.0+27.0 700,400-744,450 
G441-4 H " 436,400 
G441-8 H " 398,600-437,100 
G441-9 H " 658,450 
G441-3 L " 972,150 
G441-6 L " 782,900 
G441-19 L " 922,200 
G441-22 L " 933,000 
G441-5 H 2.0+35.0 171,400 
G441-12 H " 216,300 
G441-15 H " 165,200 
G441-7 H " 140,000 
G441-11 L " 548,700 
G441-13 L " 403,600 
G441-16 L " 322,000 
G441-18 L " 347,800 
* H indicates a high crown to the reinforcement. 
L indicates a low crown to the reinforcement. 
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TABLE 5.2 
GEOMETRY OF WELD PROFILE AT POINTS OF CRACK INITIATION 
A36 Series 2.0 to 27.0 ksi cycle. 
* Geometrical Parameters 
Specimen Life e e 1 g h R1 R w U g 
G36-2 610,201 33.5 17.6 0.1016 0.0136 0.0156 0.658 
35.0 17.0 0.1008 0.025 0.025 0.653 
33.0 18.0 0.1058 0.0054 0.0054 0.630 
33.5 17.5 0.0996 0.0083 0.0146 0.635 
32.0 20.0 0.t079 0.0121 0.0121 0.652 
38.0 20.0 0.1142 0.017 0.017 0.6283 
G36-4 605,079 39.0 20.0 0.0998 0.005 . 0.079 0.5583 0.005 
26.0 19.5 0.1071 0.0125 0.0125 0.6025 
30.0 21.1 0.1046 0.0025 0.0192 0.5592 0.0025 
23.0 20.0 0.100 0.0071 0.0071 0.560 0.0019 
31.0 19.0 0.1067 0.010 0.010 0.585 
G36-8 723,843 69.0 38.0 0.1601 0.0016 0.0074 0.54 
69.0 35.0 0.165 0.0124 0.0124 0.576 
42.0 30.0 0.16 0.004 0.0112 0.627 
65.0 32.0 .0.163 0.0034 0.021 0.636 
65.0 27.0 0.157 0.0037 0.0067 0.672 
G36-3 758,154 39.0 11.0 0.0126 0.0052 0.0052 0.65 0.0264 
27.0 15.0 0.02 0.0046 0.0046 0.528 0.042 
G36-34 956,186 30.0 16.0 0.0362 0.0052 0.0144 0.516 0.0104 
29.0 14.0 0.0292 0.496 0.023 
44 
36.0 11.0 0.0328 0.0086 0.11 0.46 0 .. 0176 
30.0 9.0 0.0328 0.0352 0.0352 0.582 0.0212 
G36-9 673,350 29.0 13.0 0.04 0.66 0.0346 
22.0 12.0 0.0415 0.0152 0.0152 0.576 0.0216 
G36-39 714,207 45.0 15.0 0.0784 0.0034 0.0080 0.584 0.0034 
33.0 14.0 0.0856 0.0064 0.0064 0.61 
27.0 16.0 0.0816 0.0048 0.0116 0.596 0.0036 
30.0 10.·0 0.062 0.0048 0.015 0.613 0.0096 
16.0 14.0 0.0724 0.0036 0.0080 0.556 0.0016 
41.0 15.0 0.068 0.0058 0.0058 0.528 0.0064 
* See Fig. 4.1 for the definition of the geometrical parameters. 
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TABLE 5.3 
GEOMETRY OF WELD PROFILE AT POINTS OF CRACK INITIATION 
A36 Series 2.0 to 35.0 ksi cycle. 
* Geometrical Parameters 
Specimen Life e e h R R w U 1 g 1 g 
G36-8 271,450 36.5 17.5 0.117 0.007 0.096 0.664 
37.0 22.0 0.128 0.012 0.124 0.69 
30.0 18.5 0.123 0.013 0.146 0.73 
G36-26 154,400 45.0 22.0 0.117 0.008 0.095 0.622 
23.0 20.0 0..123 0.058 0.135 0.649 
34.0 24.0 0.127 0.020 0.126 0.668 
G36-37 152,950 32.0 22.0 0.141 0.008 0.119 0.630 
43.5 25.0 0.137 0.006 0.131 0.650 
G36-40 246,000 12.0 23.0 0.122 0.007 0.110 0.596 
39.0 25.5 0.124 0.023 0.098 0.574 
G36-46 403,450 9.0 15.5 0.039 0.045 0.656 0.294 0.11 
7.0 10.0 0.028 0.005 0.004 0.324 0.019 
G36-19 350,300 20.5 13.0 0.056 0.028 0.151 0.474 0.002 
31.0 17.0 0.063 0.022 0.077 0.540 0.006 
G36-5 351,800 20.5 14.0 0.077 0.010 0.150 0.600 0.0026 
G36-12 312,250 12.5 9.0 0.041 0.010 0.258 0.471 0.006 
12.0 7.0 0.035 0.006 0.20 0.444 0.007 
28.0 20.0 0.059 0.035 0.193 0.444 0.008 
* See Fig. 4.1 for the definition of the geometrical parameters. 
Specimen 
G44l/8/l 
/2 
G441/4/1 
/2 
G44l/2/1 
/2 
G44l/9/l 
G44l/3/1 
/2 
G441/6/1 
G441/19/1 
/2 
/3 
G441/22/l 
* 
TABLE 5.4 
GEOMETRY OF WELD PROFILE AT POINTS OF CRACK INITIATION 
Series 2.0 to 27.0 ksi cycle 
* Geometrical Parameters 
Life 8 8 h R R w 1 g 1 g 
430,000 0°/67° 28° 0.128" 0.006" 0.018" 0.54" 
430,000 36.5° 25.5° 0.14" 0.042" 0.565" 
436,400 40.5° 25° 0.39" 0.003" 0.023" 0.62" 
436,400 23/52° 28° 0.138" 0.015" 0.020" 0.60" 
700,400 21.5° 17° 0.087" 0.026" 0.026" 0.58" 
700,400 40° 12° 0.093" 0.034" 0.03" 0.60" 
658,450 53° 25.5° 0.129" 0.009" 0.037" 0 .. 62 " 
972,150 11" 0.047" 0.39" 
15° 0.052" 0.40" 
782,900 38°/12.5° 17.5° 0.065" 0.007" 0.045" 0.53" 
922,200 9° 10° 0.025" 0.01" 0.04" 0.34" 
23° 8° 0.024" 0.024" 0.007" 0.34 " 
26° 10° 0.037" 0.007" 0.027" 0.42" 
0° 13° 0.039" 0.007" 0.082" 0.45" 
See Fig. 4.1 for the definition of the geometrical parameters. 
VI V g 
0.007" 0.007" 
0.001" 
0 0 
0 0 
0 0 
0.002" 0.003" 
0.001" 0.002" 
0.021" 0.021" 
0.016" 0.018" 
0.013" 0.013" 
0.011" 0.011" 
0.016" 0.016" 
~ 
(J'\ 
Specimen 
G441/5/1 
/2 
G441/12/1 
/2 
G441/15/1 
/2 
G441/7/1 
G441/11/1 
/2 
G441/13/1 
/2 
/3 
G441/16/1 
G441/18/ 
* 
TABLE 5.5 
GEOMETRY OF WELD PROFILE AT POINTS OF CRACK INITIATION 
Series 2.0 to 35.0 ksi cycle 
* Geometrical Parameters 
Life G G h R1 R w 1 g g 
171,400 18°/35° 24° 0.124" 0.011" 0.062" 0.69" 
171,400 34° 22° 0.121" 00 0.017" O. 70" 
216,3'00 29° 19.5° 0.103" 0.005" 0.042" 0.62" 
216,300 30° 18.5° 0.104" 0.005" 0.081 " 0.64" 
165,200 27.5°/42° 23.5° 0.114" 0.004" 0.029" 0.56" 
165,200 34°/27.5° 25° 0.113" 00 0.04" 0.56" 
140,000 40° 23.5" 0.130" 0.082" 0.025" 0.66" 
548,700 11° 8° 0.011" 0.035" 0.039" 0.25 il 
548,700 19° 12° 0.054" 0.009" 0.060" 0.47" 
403,600 25° 21 ° 0.072" 0.0156 " 0.052" 0.58" 
403,600 11° 13° 0.054" 0.023" 0.073" 0.53" 
403,600 21° 10° 0.038" 0.004" 0.052" 0.51" 
322,100 23° 13.5° 0.057" 0.025" 0.066" 0.50" 
347,800 20° 18° 0.056" 0.006" 0.034 " 0.45" 
See Fig. 4.1 for the definition of the geometrical parameters. 
U1 U g 
0 0 
0 0 
0.002" 0.002" 
0 0 
0 0 
0 0.004" 
0 0 
0.022" 0.022" 
0 0.005" 
0.002" 0.002" 
0.009" 0.009" 
0.007" 0.007" 
0.007" 0.007" 
0.012" 0.012" 
~ 
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TABLE 8.1 
COMPARISON OF FATIGUE TEST RESULTS 
This table summarizes trends apparent from plotting each geo-
metrical parameter, for the specimens against the life of the 
specimen. 
BASE METAL 
A36 A36 A44l A4ll 
SERIES o to 35 ksi o to 27 ksi o to 35 ksi o to 27 ksi 
DEPTH longer life- scatter longer life- Generally 
UNDERCUT: deeper U deeper U longer life 
U deeper U 
WIDTH OR RE- longer life Generally longer life Generally 
INFORCEMENT smaller W longer life smaller W longer life 
W smaller W Smaller W 
LOCAL RADIUS random random random random 
Rl 
HEIGHT OR RE- longer life longer life longer life longer life 
INFORCEMENT smaller h smaller h smaller h smaller h 
h 
* LOCAL ANGLE random random random random 
8 1 
* GENERAL ANGLE longer life longer life longer life longer life 
8 smaller 8 smaller 8 smaller 8 smaller 8 g g g g g 
trend not trend not 
strong strong 
* 
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Parameters designated "general" are those measured over the gross geometry 
at the toe of the weld. 
Fig. 
8.6 
8.4 
8.7 
8.5 
8.9 
Parameters designated "local" are those measured specifically at the assumed 
point of initiation. 
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FIG. 5.1 FATIGUE CRACKS IN SPECIMEN G36-27 
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APPENDIX A 
Photoelastic Investigation of Stress Concentrations 
in the Vicinity of Projecting Notches Used to 
Simulate External Weld Projections 
A.I Introduction 
One of the major endeavors of the program has been concerned with 
the effect of weld geometry on the fatigue behavior of welded connections. 
In earlier work external geometries obtained from actual weldments as well 
as geometries in idealized parametric form were considered. In the first 
of these efforts, the geometries of the welded connections were recorded 
prior to testing and analyzed using· the plaster cast system described in 
Section 4. In order to define the effects of the individual dimensional 
parameters of the external geometry, an idealization of this geometry was 
studied. The study of the idealized external geometry included fatigue 
tests of simulated butt welds (1) ; an analytical determination, using a 
finite difference method, of the relation between the various geometrical 
parameters and the induced maximum stress concentrations (5); and a two-
dimensional photoelastic check of the results obtained in the finite 
difference analysis. This photoelastic study will be discussed in the 
following sections. 
The photoelastic method was chosen for the verification of the 
analytical results because it is direct, reasonably simple to apply, and 
because it can provide a relatively high degree of accuracy. The directness 
stems from the fact that a model, geometrically identical to the 
notched member, is used. The simplicity is best realized at the model's 
load-free boundaries since in such regions photoelastic readings become 
direct measurements of the individual principal stresses. Fortunately, 
it is at these boundaries that maximum stress concentrations occur. 
The potential accuracy of the method has been born out by extensive 
testing. (9) 
The initial step in the photoelastic investigation of the 
idealized weld projections was to select several combinations of the 
geometrical parameters for analysis; the selected geometries were then 
simulated in photoelastic models and the models were analyzed. The 
analysis of the models was performed in three parts: 
1. An analysis of the models to provide verification of 
the results obtained by the finite difference analysis. 
2. An examination of the effect of the plate thickness 
on the maximum stress concentation. 
3. A re-examination of the models used in part 2. 
This re-examination of some of the models was carried out after the 
results obtained in part 2 were compared with the results of a theore-
(10) 
tical analysis performed ,by Appl ,which took the thickness dimension 
into account. Although the trends indicated by the two sets of results 
were the same, some deviation was not'ed in the actual values of the first 
set of maximum stress concentrations. 
The photoelastic method is briefly discussed in Section A-2. 
A discussion of the geometries chosen and the manufacture and loading 
of the photoelastic models is presented in Section A-3. Section A-4 
contains a description of the equipment and the methods used in the 
analysis. Finally, a comparison of photoelastic and theoretical results 
is included in Section A-s. The conclusions of the study are presented 
in Section A-6. 
A-2 
A-3 
A.2 The Photoelastic Method 
About a century and a half ago it was discovered that a piece 
of glass, when stressed and viewed by transmitting polarized.light through 
. (11) it, exhibits a brllliant color pattern. The discoverer, David 
Brewster, proposed that this pattern, which varies under different loading 
conditions and model shapes, might be used to determine the stress con-
dition in the glass model. It took some time, however, before further 
studies of this nature led to the development of the photoelastic method. 
Today procedures are available to obtain accurate measures of the stresses 
in models by means of photoelastic techniques. 
A.3 Description of Tests 
The external geometries of butt welded connections were idealized 
as shown in Fig. A-I. Each external weld projection could thus be defined 
in terms of four parameters: (1) the characteristic slope, 9; (2) the 
height, h; (3) half-width, w; and (4) the radius at the toe of the weld, R. 
The fifth dimension shown in Fig. A.l, t, represents the thickness of 
the connected plates. This parameter was not included as a variable in 
the finite difference analysis of the geometries; therefore it was held 
constant in the initial series of photoelastic models also. 
In the initial series of models (see Section A.l), six sets of 
geometries were chosen to cover a representative range of parameters in 
the verification of the results of the theoretical analysis. The selected 
parameters are listed in Table A-I. In order to evaluate the effect of 
the thickness dimension, t, four of the models were studied (Nos. 2, 3, 4, 
and 5) with the slope, height, width, and radius held constant and the 
thickness, t, varied. The thickness dimension in the initial series was 
held constant at 5" (t/w=2). Each of the four geometries examined in the 
supplementary series were analyzed with thickness dimensions of 3.5", 
2.5", and 1" (t/w-l.4, 1.0, and 0.4). Thus, this series involved twelve 
additional models, bringing the total number of models investigated to 
eighteen. 
The models were manufactured from sheets of Homalite 100, the 
properties of which are shown in Table A~2. The sheet thickness used 
for most of the models was 1/8", although thicknesses of 1/4" and 1/2" 
were used for some geometries. To produce the models an aluminum 
template was first machined to the desired geometry; then, a sheet of 
the Homalite 100 could be taped to the template and a high speed cutter 
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used to machine the model to the required shape. In order to avoid residual 
stresses in the model due to the machining process, the final cuts were 
small, - on the order of a few thousandths of an inch. Besides providing 
models free from residual stresses, this procedure was advantageous in 
that simple and inexpensive replacement of the model was possible in 
case of specimen failure. 
A.4 Test and Analysis of Specimens 
Upon manufacture, the models were mounted and gravity loaded as 
shown in Fig. A.2. The loading system was selected to simulate a uni-
formly distributed axial load at each end of the specimen. 
The normal requirement regarding creep is that it should be avoided 
complete1y. This is usually done~ either using very low loads, in 
which case the creep is small, or by photographing the fringe pattern 
as soon as the desired load is reached. In the present study, a high 
load level (large number of fringes) and direct study of the model was 
considered desirable. Therefore, creep vs. time test was performed. 
It was found that after two hours of loading, the curve leveled off, and 
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the next five hours, the variation in the fringe reading due to creep 
amounted to a mere 0.5% (Fig. A.3). Thus, by scheduling the readings 
to fall within this five hour period, the creep effect was considered 
neglibible. 
The models were analyzed using a parallel light bench-polari-
scope (Fig. A.2). Several different procedures were used to determine 
the maximum stress concentrations. These included: a simple extrapola-
tion of fringe readings to the point of maximum stress; a consideration 
of equilibrium across the section of the model containing the critical 
point; Frocht's Difference Method (9) ; and a direct reading of the 
maximum fringe order on a magnified projection of the fringe pattern 
using a small gage area. 
The procedure of extrapolating fringe readings to the model 
boundary was abandoned because the extent and magnitude of residual 
stresses was not known, and because the stress gradient in the region 
examined is quite high, making an .extrapolation inaccurate. The con-
sideration of equilibrium was not selected since the value of the maximum 
stress obtained in this manner was extremely sensitive to small errors 
in the fringe order measurements. The third method used, Frocht's Dif-
ference Method, requires the measurement of the fring order at the point 
of maximum stress for several different levels of applied load. Plotting 
these readings against the corresponding nominal fringe readings, the 
slope of the straight-line relationship obtained is equal to the stress 
concentration. One of the main advantages of this method is that, the 
effect of any residual stress, whether due to machining or environmental 
conditions, is eliminated. As noted, the Difference Method assumes a 
linear relation between stress and the fringe reading. As shown in Fig. A.4, 
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this is not quite true for Homalite 100. For the models tested, this method 
was observed to introduce errors which were larger than the errors the method 
was supposed to eliminate. 
The method finally adopted for this analysis involved the measure-
ment of the maximum fringe order at each of the four radii (see Fig. A.l) 
at several load levels. Nominal readings were also taken at each level. 
A magnified projection of the fringe pattern was used in conjunction with 
a small gage area to minimize the error incurred by taking the readings a 
short distance inside the edge of the model. Using this procedure, the 
approximate level of the residual stresses could be checked and possible 
errors induced by a non-axial loading would be cancelled. 
A.5 Results 
The results obtained from the two-dimensional photoelastic investi-
gation of the idealized external weld projections are listed in Table A.3 
along with the results obtained by Derecho (5) (finite difference solution) 
and by Appl and Koerner (10) (singular integral method of numerical inte-
gration). 
The maximum stress concentrations induced by the six geometries 
examined in the initial series of models are shown in Table A.3, in the 
columns indicated by a model thickness t=5". It may be observed that the 
trends shown by all three methods are the same. The results obtained by 
the finite difference method were found to be low in all cases. However, 
this was to be expected because of the relatively coarse grid employed in 
the finite difference analysis. This coarseness was necessitated by a 
limiatation of computer storage space.. The results of the singular 
integral solution are in excellent agreement with the photoelastic results. 
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The results obtained from the supplementary series of models 
are also shown in Table A.3. The thickness dimensions for these models 
were 3.5",2.5", and 1.0", as shown. 
As mentioned in the introduction, the supplementary series of 
models were analyzed twice. Upon comparing the results of the first 
analysis with those obtained by the method of Appl and Koerner, (10) 
significant differences were observed. The re-examination of the models 
resulted in a good correlation with the theoretical results as noted in 
Table A.3 and shown in Figs. A.5 and A.8 inclusive. Figure A.7 also 
shows for geometry No.4, the reductions in stress concentration observed 
in the thicker photoelastic models. These models were the last ones 
examined in the several analyses of the supplementary series; the period 
during which measurements were taken from these three models coincided with 
a period of sharp increase in the ambient humidity. It is believed that 
absorption of moisture along the boundaries of the models may have induced 
compressive residual stresses at these boundaries and thus may have caused 
the lower fringe order readings observed. A check into the dates of the 
first analysis of the supplementary series of models showed that a change 
could have taken place at that time also in humidity, and thereby caused 
the initial discrepancies. In the time between the two analyses the 
environmental conditions were such that a relaxation of the residual stresses 
would probably have taken place. Checks of the level of the residual 
stresses in the second analysis indicated that these were very low (except 
as noted above for the No.4 geometry). 
A.6 Conclusions 
The photoelastic check of the results obtained by the finite 
difference analysis of stress concentrations induced by the idealized 
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external weld projections showed that the theoretical results were lower 
than those obtained photoelastically, in all cases. The deviation between 
theoretical and experimental values was most pronounced for the more severe 
geometric conditions an can be attributed to the computer limitations. 
Effects of variations in the geometric parameter, t, which 
corresponds to the thickness dimension of the butt welded plates, were 
not examined in the finite differences analysis. A series of photo-
elastic models was tested to study this effect and a significant reduction 
was observed in the maximum stress concentration factor for decreasing 
values of the thickness. The results from the analysis of this supple-
mentary series of models showed excellent agreement with the results of 
an examination of the same geometries using a singular integral method 
of numerical integration. 
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TABLE, A.1 
PARAMETERS DEFINING IDEALIZED WELD GEOMETRIES 
Geometrical 
Parameters 
Model e R/w h/w Noo 
1 90° .400 .500 
2 90° .237 .500 
3 60° .500 .300 
4 60° .100 .150 
5 30° .500 .300 
6 30° .100 .150 
,See Fig. 4.i for definition of geometrical parameters 
TABLE A .2 
* PROPERTIES OF HOMALITE 100 
Modulus of Elasticity 
Poisson's Ratio 
Tensile Strength 
Proportional Limit 
Stress Fringe Value (Shear) 
* Source Reference (13) 
350-400,000 psi 
0.36 
10,000 psi 
6,000 psi 
75 psi-in./fringe 
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TABLE A. 3 
SUMMARY OF STRESS CONCENTRATION DATA 
t =5" t = 3.5" t = 2.5" 
k~ra~e I ~Kerage I- ~~~t~~e oto Finite App1 oto- Finite App1 Finite 
elastic Diff. (5) & (lID) elastic Diff. & elastic Diff. 
data results Koerner data results Koerner data results 
112 1.93 1.84 1.95 t ~ 1.83 1.68 III 
'0 '0 
'0 '"d 
#3 1.49 1.44 1.54 1.46 .-.::s 1.48 1.40 .-.::s t-'-o f-JoO 
n rt n rt 
~ ~ #4 
* 
1.78 2.07 
* 
2.02 
* 
I---A .-. 
ro fD 
#5 1.45 1.42 1.50 1.39 1.45 1.35 
---- -
'-- - --_ .. __ .. ~ -~ --- --- --
* Models affected by humidity. 
t These models not included in second ana!ysis. 
App1 
Average 
Photo-
& elastic 
Koerner data 
1.73 t 
1.40 1.17 
1.93 1.64 
1.37 1.13 
- -
t = 1.0" 
Finite 
Diff. 
results 
~ 
'0 
'0 
.-.::s t-'-o 
n rt 
III 
0'" 
.-. 
ro 
App1 
& 
Koerner 
1.32 
1.12 
1.60 
1.11 
>, 
I---A 
.-. 
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FIG. A2 PHOTOELASTIC BENCH AND LOADING SYSTEM 
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APPENDIX B 
Materials and Fabrication Procedures 
B.l Materials 
The plates used in this investigation were of ASTM A36 and A44l 
steel. The properties as obtained from the mill reports are included in 
Table B-1. 
The electrodes used in the welding conformed to the ASTM A223, 
type E70l8. This is a low hydrogen, iron powder electrode for use with both 
mild steels and low alloy steels. The chemical composition of the electrodes 
is recorded in Table B-2. The electrodes were supplied in hermetically sealed 
containers and kept in a drying oven until used. This reduced the moisture 
content of the electrodes and resulting chances of porosity in the finished 
weld. 
B.2 Fabrication Procedures 
It was felt that all welding procedures used should be qualified by 
the latest AWS procedures. Hence before any specimens were fabricated the 
proposed procedure was qualified using the new (1969) AWS Specifications for 
h 1 . f . . f ld (12) t e qua 1 lcatlon 0 we s. 
Once a procedure has been qualified for use with one strength of 
steel and one type of electrode it is also assumed to be qualified for use 
with the same electrodes but lower strength steels. Hence the qualification 
was carried out using A44l steel. The specification required two reduced 
tensile tests, two root bend tests, and two face bend tests. 
The tensile strength of the welded joint must be at least as great 
as the expected tensile strength of the base metal. As can be seen from 
Table B-3 the reduced section tensile, the face bend and root bend tests met 
B-2 
the specification requirements. Of the four bend tests only one had any 
blemish, a tear across a pore, and this was smaller than 1/8" in all directions. 
The procedure was thus qualified and was used in fabricating all the 
test specimens. This procedure is detailed in Fig. B-1. 
Records of all welds were made by the operator. Although the pro-
cedure specified that the joint should be made by welding in the "flat" 
position some relaxation of this was allowed. By slightly tilting the joint 
downwards in the direction of welding it was found that better flow and less 
undercutting was achieved when making the low crown welds. 
The joints used in the fatigue tests were made in specimens suitable 
for the testing machines at the University of Illinois. Figure B-2 shows the 
shape and dimensions of the specimens. The weld was made over the full 9 in. 
width of the specimen and then reduced to a 5 in. width. This removed the 
starts and stops at the beginning and end of each bead. The weld bead was, 
of course, laid continuously across the central portion. 
Once the specimen was ready for testing a plaster case was taken of 
the weld reinforcement on both sides of the plate. These casts are made from 
a mixture of "Vel-mix Stone" powder and water (a material conunonly used for 
dental casts) having a dry crushing strength of 12,000 psi. Thus, a permanent 
record of the initial weld geometry was obtained. The specimen was then 
ready for installation in the fatigue testing machine. 
Steel 
A36 
A44l 
Steel 
A36 
A44l 
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TABLE B .1 
MILL REPORT ON PROPERTIES OF STEEL PLATES 
(a) Chemical Analysis 
C Mn P S Si 
0.23 0.90 0.015 0.030 
0.18 1.01 0.012 0.019 0.044 
(b) Mechanical Properties 
Yield strength, 
psi 
41,100 
55,000 
Tensile strength, 
psi 
70,900 
71,300 
Cu v 
0.28 0.039 
Elongation 
percent in 8 ins. 
27 
20 
TABLE B.2 
MILL REPORT OF CHEMICAL ANALYSIS OF WELDING ELECTRODES 
* * * * Size C Mn Si P S Cr Ni 
3/16" 0.06 1.08 0.35 0.026 0.018 0.02 0.03 
5/32" 0.05 0.98 0.36 0.019 0.018 0.03 0.02 
* These elements are all residual. 
* Mo 
0.01 
0.01 
* V 
0.01 
0.01 
ttl 
I 
~ 
TABLE B. 3 
RESULTS OF WELD QUALIFICATION TESTS 
Base Metal - ASTM A441 
Electrode ASTM A233, Type E7018 
Reduced Section Tensile Test 
Ultimate Strength: 
Root Bend Tests . 
Face Bend Tests 
Specimen No. 1 
Specimen No. 2 
B-5 
80,500 psi 
79,100 psi 
both passed 
both passed 
j L 1/16" 
Electrode 
Pass Size (ins) Current (amps) 
" 
1 5/32 150 
2 5/32 170 
3-Final 3/16 210 
All welding in the flat position. 
Underside of root pass ground to sound weld 
metal before depositing pass No.2. 
Base Metal ASTM - A44l 
Electrodes ASTM - A233 - E70l8 
Polarity DC Reversed 
Prehea t 150 of 
Interpass Temperature Max 250°F 
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FIG. Bl WELDING PROCEDURES P70-70l8 (T~SVERSE BUTT WELDS) 
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APPENDIX C 
Photographic Record of Fatigue Crack Surfaces 
Each of the specimens, after being tested to failure, was 
photographed and the fracture surface then examined in detail for unusual 
features. The photographs of the fractures are presented in Figs. C-l 
through C-32. 
From the examination of the fracture surfaces several of the 
members were observed to have contained flaws. As noted in Table 5.1, 
Specimen G36-27 (see Fig. C-l) contained a severe lack of fusion and 
Specimen G36-9 (see Fig. C-s) contained some internal flaws. 
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